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L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés. mixture of magnesium sulphate, sodium chloride and sodium citrate. For a fast and effective clean-up procedure for oily matrices such as soybean and linseed, matrix solid phase dispersion (MSPD) C18 material was used to remove co-extracted non-polar components. No clean-up was necessary for less oily matrices following extraction. The analytes were separated by isocratic HPLC on a Chirobiotic V column and detected using a triple quadrupole mass spectrometer with electrospray ionization (ESI). All analytes were monitored in the positive ion mode. The method performance is presented in terms of linearity in the range 5-80 ng/g (r2=0.998), specifity, selectivity, accuracy (recoveries from 61-111%), precision (CV < 5%) and ruggedness. The limits of quantitation (LOQ) were in the range 2.2-4.9 ng/g. 
Introduction
Interest in natural toxins produced by fungi or plants has grown in recent years because of their toxicity and their effects on food and feed safety.
The terms tropane alkaloids and glycoalkaloids (GAs) refer to toxins naturally produced by the family Solanaceae (Nightshade), comprising over 100 genera and 3000 plant species . These plants are weeds of cultivated fields, waste land, barnyards, and other disturbed habitats. They produce variable amounts of tropane alkaloids and GAs and all parts of the plant, particularly the seeds, are potentially poisonous. Bulk commercial grains and seeds, such as wheat, rye, soybean, linseed, maize and solanaceous crops may be contaminated by non-grain impurities that coexist with the crop to be harvested (Papadoyannis et al. 1993; Friedman 2004; Naudé 2007) . The most important tropane alkaloids are tropine, l-hyoscyamine, scopolamine, atropine (a racemic mixture of d-and lhyoscyamine), homatropine and anisodamine. The plant GAs are toxic steroidal glycosides (Laurila et al. 1999) . The most common types of GAs, found in weed plants (Solanum nigrum, Solanum dulcamara) and important food sources such as Solanum tuberosum (potato), Solanum lycopesicum (tomato) and Capsicum (chilli, red, green or sweet pepper), are α-solanine, α-chaconine, α-tomatine and dehydrotomatine.
Humans, horses, cattle, sheep, goats, pigs and poultry are all known to be affected by the alkaloids found in nightshades. Animals are, in general, less suceptible than humans to poisoning by alkaloids because of an esterase enzyme which allows more efficient biotransformation of atropine (Papadoyannis et al. 1993) . Nightshade alkaloids block the activity of cholintesterase, which is involved in neurotransmission. If the activity of cholinesterase is strongly blocked, control of muscle movement becomes disrupted, and muscle twitching, trembling, breathing paralysis or convulsions can result. The nightshade The GAs, α-solanine and α-chaconine, can be fatal to both humans and livestock (Korpan et al. 2004) . In North Korea 382 people were affected following consumption of rotten potatoes, 52 of them hospitalised with symptoms including nausea, vomiting, facial oedema, cardiac arrest, and 22 deaths (McMillan and Thompson 1979) . Several serious cases of human poisioning with food contaminated with tropane alkaloids and GAs have been The estimated lethal doses of atropine and scopolamine in adults are greater than or equal to 10 mg and greater than 2-4 mg, respectively (Shervette et al. 1979; Hooper et al. 1979 ). Oral intake of 2-5 mg of potato GAs per kilogram of body weight was reported to be toxic, and 3-6 mg was lethal for humans (Morris and Lee 1984) . Pigs have been shown to be the most sensitive animal species to Datura poisoning, with a threshold limit of 1.5 mg alkaloids/kg of feed (1.21 mg alkaloids/kg live weight) (Piva 1995).
In chemical terms, all alkaloids have at least one ring-like structure that contains a nitrogen atom. Tropane alkaloids are ester alkaloids resulting from the coupling of an organic acid (mostly tropic acid) with an amino alcohol (base). The parent base is the "tropane" base. The asymmetric α-carbon of tropic acid allows the formation of two stereoisomers. Tropane alkaloids have in common a two-ringed structure characterized by a pyrrolidine and a piperidine ring sharing a single nitrogen atom and two carbon atoms. In this group the nitrogen atom at the end of the molecule is characteristically methylated. Thus, the common structural element of the tropane alkaloids is the bicyclic azabicyclo-octane skeleton (Dräger 2002; Naudé 2007) . The structures of the main tropane alkaloids are shown in Figure 1 . Steroidal alkaloids are characterised by the presence of an intact or modified steroid skeleton with nitrogen. α-Solanine and α-chaconine are glycosides which contain a non-polar steroid unit, a basic unit with either an indolizidine or oxa-azaspirodecane structure which together form the aglycone part, and a polar, water-soluble sugar moiety with three or four monosaccharides attached to the 3-hydroxyl group of the first ring of the aglycone. These two In Bavaria, Germany 686 feed materials were examined microscopically for the presence of (Mateus et al. 2000) , thin layer-chromatography (TLC) (Simonovska and Vovk 2000), gas chromatography-mass spectrometry (GC-MS) (Laurila et al. 1999; Miraldi et al. 2001; Balikova 2002) , high-pressure liquid chromatography (HPLC) (Bucher et al. 1989; Papadoyannis et al. 1993; Cieri 2005; Kodamatani et al. 2005; Abreu et al. 2007; Jensen et al. 2007 ), liquid chromatography-mass spectrometry (LC-MS) (Matsuda et al. 2004; Breton et al. 2005; Siluk et al. 2007; Distl et al. 2009 ), liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Xu et al. 1995; Chen et al. 2006 ).
None of the methods reviewed was developed and validated for the simultaneous determination of tropane alkaloids and GAs in grains and seeds. This may be because tropane alkaloids are usually produced by wild plants while GAs are mainly produced by cultivated plants (potatoes, tomatoes) and to a lesser extent by some wild plants (e.g. Solanum nigrum complex). However, there is a possibility of indirect contamination of food or feed products with alkaloid toxins, including through contamination of bulk comercial grains with toxins from weeds co-existing with the harvested crop, transfer and uptake of toxins from the environment (Jandrić et al. in press), or from the use of potato waste to pelletize the combined grain components in animal feed production. Toxicological studies of these biologically active compounds demonstrate their importance for food and feed safety. A method for the analysis of a broad range of food and feed matrices for a range of tropane alkaloids and GAs is, therefore, desirable.
The aim of this study was to develop and validate a multiresidue method using LC-MS/MS for the rapid and efficient determination of the major nightshade alkaloids (tropine, atropine, scopolamine, homatropine, anisodamine, α-solanine and α-chaconine) in crops. Such a method would facilitate the implementation of EFSA recommendations and allow simultaneous analysis of tropane alkaloids and GAs for research and risk assessment purposes.
Materials and methods

Chemicals and reagents
Atropine (d,l-hyoscyamine) (USP), l-scopolamine hydrobromide trihydrate (≥98%, TLC), tropine hydrate (≥97%) and α-solanine (≥99%, TLC) were supplied by Sigma-Aldrich. 
Instrumental conditions
The chromatography was carried out using a Waters Alliance HPLC 2695 series (Waters, was split using a 7:3 split ratio so that the flow entering the mass spectrometer was 300 µl/min. The autosampler temperature was kept at 20 (±2) ºC and the injection volume was 10 µl. Detection and quantification were performed on a Micromass Quattro Micro triple quadrupole mass spectrometer (Waters, UK). MS/MS detection was performed in positive electrospray ionisation mode using multiple reaction monitoring (MRM) acquisition mode with inter-scan and inter-channel delays set at 0.1 and 0.02 sec, respectively. Nitrogen was used as a desolvation and cone gas (flow rates of 600 l/h and 50 l/h, respectively) and argon as collision gas at 0.6 bar on a pressure regulator.
Radioactivity was determined using a Beckman LS 6000 liquid scintillation counter (LSC, Beckman Instruments, USA).
Preparation of standard solutions and calibration curves
Stock standard solutions (1 g/l) of tropane alkaloids (tropine, atropine, scopolamine, homatropine, anisodamine, scopolamine-d 3 ) and GAs (α-solanine, α-chaconine) were prepared individually in methanol and kept at -25 °C. From these individiual stock solutions, an intermediate standard mixture (100000 ng/ml) of all seven alkaloids was prepared. Calibration curves for each alkaloid ranged over 10, 20, 40, 80, 160, 240 and 320 ng/ml including internal standard (IS) at a constant concentration of 160 ng/ml. The calibration range corresponded to concentrations of individiual alkaloids in samples between 2.5 and 80 ng/g. Calibration curves were constructed by plotting the ratio of the signal intensities (peak area) of the analyte and the IS (scopolamine-d 3 ) versus the analyte concentration and results were processed using TargetLynx software (Waters, USA).
Fortification for validation experiments
Previously ground alkaloid-free grain and seed samples (5 g) were fortified at three different concentrations (5, 10 and 40 ng/g of each alkaloid) by adding 25, 50, 200 µl of a 1000 ng/ml standard mixture and 40 µl of a 5000 ng/ml of the internal standrad (scopolamined 3 ). A full validation was carried out for wheat and soybean (three independent batches of each) on 3 different days and with 7 replicates at each level. For rye, maize and linseed the validation exercise was carried out only for the lowest level of alkaloids (5 ng/g).
Extraction procedure
Grain samples used for method development and validation purposes were purchased from a local grocery store. Samples were ground to a particle size of <1 mm using a Cemotec 1090
sample Mill (Tecator, Sweden). The ground samples (5 g) were spiked and vortex-mixed for 30 s in 50 ml Sarstedt tubes. The mixture was left to stand for 15 min before extraction to allow absorption of the spiking solution. Formic acid (0.5%) in acetonitrile/water (75:25, v/v) was then added (20 ml). A mixture of magnesium sulphate (MgSO 4, 2 g), sodium chloride (NaCl, 0.5 g), sodium citrate dihydrate (C 6 H 5 Na 3 O 7 ·2H 2 O, 0.5 g) and sodium hydrogencitrate sesquihydrate (C 6 H 6 Na 2 O 7 ·1.5H 2 O, 0.25 g) was added, the samples were shaken by hand (1 min) and centrifuged (2600 x g, 4 °C, 10 min). Aliquots (8 ml) of the wheat, rye or maize extract were evaporated to dryness under a stream of nitrogen using a TurboVap ® LV evaporator (Zymark, Runcorn, UK) at 45 °C. In the case of soybean and linseed, an additional clean-up step was included to remove oily matrix components. MSPD C18 material was added to the extract (0.05 g per ml) mixed for 30 s by vortex, centrifuged (1600 x g, 4 °C, 10 min) and 8 ml was taken for evaporation. The residues were dissolved in 0.5 ml solvent B, and food commodities (wheat, rye, maize, mixed grain flour, maize flour, biscuits and crackers) were obtained from a local supermarket. Samples were analysed in triplicate using the validated method.
Extraction optimisation using 14 C-labelled atropine
During method development, 14 C-labelled atropine was used to help in the optimisation of the sample extraction/clean-up steps. The final method did not entail the use of any radiolabelled compounds.
Samples were fortified with 100 µl of working standard solution (20 dpm/µl). Aliquots of supernatant were taken after the centrifugation (1 ml) and evaporation (300 µl ) step and transfered to scintillation vials for radioassay. Scintillation cocktail (12 ml, LSC ultima) was added to the vials, which were shaken (15 s) by hand and analysed by LSC. All determinations were carried out in triplicate.
Results and discussion
Development of the analytical method
MS/MS conditions
Mass spectrometric MRM settings were optimized using a syringe pump loaded with a 500 ml Hamilton syringe to facilitate infusion experiments for each alkaloid. Direct infusion was done with analyte calibrants (10000 ng/ml) prepared in methanol and the syringe pump Energy 2 0.7, source temperature 120 °C, multiplier 650 V, desolvation temperature 400 ˚C.
The MRM transitions with optimized parameters are shown in Table 1 . The most abundant and stable fragment ion was used as quantifier ion, while the next most abundant ion was used as a qualifier ion. Table 1 .
Chromatographic separation
The primary objective of this study was to develop a simple, rapid method for screening multiple analytes belonging to the tropane alkaloid and GA groups in seeds, grains and similar food and feed matrices. It was considered desirable, but not essential, for such a method to achieve chromatographic resolution of the enantiomers of relevant compounds, and was adopted for our method development. Breton et al. (2005) reported that good resolution of the enantiomers was achieved using a Chiral-AGP column when using UV detection, but they were unable to obtain well-resolved peaks when using mass spectrometric detection. However, the objective of our study was to develop a simple and robust multianalyte method for both tropane alkaloids and GAs in a range of matrices and within a reasonable run time. This was not achievable using the conditions reported by Siluk et al (2007) Whilst we did not achieve separation of the atropine enantiomers using chirobiotic columns using conditions that allowed the multi-analyte analysis, we found that the Chirobiotic V column produced much better resolution and sensitivity (in terms of improved peak width and height and signal to noise ratio) and long-term stability than the more conventional reversed phase columns that we tried (Phenomenex Gemini C-18, Atlantis and Waters XBridge). It was decided, therefore, to retain the Chirobiotic V column as the column of choice for this method. 
Optimization of extraction solvent and cleanup
The structural diversity and different chemical properties of the two groups of alkaloids included in the study caused difficulties in recovering all analytes at acceptable levels during sample preparation. Moreover, grain and seed samples are a complex matrix, rich in sugars, fat, proteins and pigments, which may interfere with alkaloids analysis. It was, therefore, necessary to carefully consider matrix interferences when developing the analytical method.
To the best of our knowledge, no methods for the simultaneous determination of a number of tropane alkaloids and GAs in crops have been reported. Bucher et al. (Table 2) . Table 2 .
Different mixtures of acetonitrile and water with and without the addition of formic acid and ammonium formate were used to optimize the alkaloids extraction and the extraction efficiency was compared (Table 2) . DSPE has previously been successfully applied for We found it unneccessary to apply any further clean-up after DSPE for wheat, rye and maize because the extracts were sufficiently clean and gave clear chromatograms. For soybean and linseed, the extracts were fatty and it was necessary to include a further clean-up step. Initial SPE experiments were carried out with 160 ng/ml of calibrants of the tropane alkaloids and GAs which corresponded to a concentration of 40 ng/g alkaloids in grains and seeds. Hydrophilic-lipophilic balance reversed-phase sorbent (Oasis, HLB, 200 mg) and polymeric reversed phase (Strata-X 33µ, 500 mg) cartridges were investigated. The results using this regime showed a loss of GAs.
Finally, DSPE using MgSO 4 , PSA and C-18 at different ratios was studied. Using MgSO 4
and PSA, GAs were lost, possibly because of the sugar moiety in these alkaloids binding with the salts. The co-extracted fatty matrix compounds were successfully removed by silica-based C-18 material and recovery above 60% was achieved for all selected alkaloids. DSPE cleanup with MSPD C-18 material allowed a rapid and rugged one-step sample purification.
Evaluation of matrix effect
Coeluting, undetected matrix components may reduce or enhance the ion intensity of the analytes and affect the reproducibility and accuracy of the assay (Mastuzewski et al. 2003) .
For the investigation of matrix effects on mass spectrometric detection, extracts of blank wheat, rye, maize, soybean and linseed were spiked at seven different concentration levels 
The results obtained for SSE (%) are shown in Figure 5 . The data presented indicate that the most critical compounds are tropine and anisodamine and the huge signal variation from 100% (signal supression of up to 57% for anisodamine, 67% for tropine) indicates a significant matrix effect on these compounds in all matrices.
Because of the high signal response at the lowest concentrations and the reasonable recovery, the method was still considered by the authors to be acceptable on the basis of sensitivity, linearity and recovery for these compounds over the range examined. Using matrix-matched calibration, the method could be extended to a large number of different matrices based on cereals, seeds and legumes.
Calibration curves were constructed by plotting the ratio of the signal intensities (peak area) of the analyte and the IS (scopolamine-d 3 ) versus the analyte concentration
Method validation
Selectivity and specifity
The selectivity and specifity of the method were assessed by analyzing extracts from blank matrices (wheat, rye, maize, soybean and linseed). No endogenous peaks at the respective analyte retention times were observed in any of the extracts evaluated. Selectivity was In both fortified samples and those containing naturally occurring alkaloids, the selectivity was further tested by acquiring two diagnostic transition reactions (quantifier and qualifier ion) for each of the analytes. A tolerance level of ±20% was set for the ratio of the abundances of the quantifier and qualifier ion for each analyte in a sample compared with the ion ratio of anlytes in matrix-matched calibrators (European Community 2002). In addition, the "cross-talk" between MS/MS channels used for monitoring the IS and other analytes was assesed, by separately injecting the analytes and monitoring the response in the IS channel, and injecting the IS and monitoring the response in the analyte channel. No "cross-talk" was observed .
Limit of detection/quantification and linearity
The limit of detection (LOD) and limit of quantification (LOQ) were estimated by injecting decreasing concentrations of matrix-matched calibrators and measuring the response at a signal-to-noise (S/N) ratio of ≥ 3 and ≥ 10 for the LOD and LOQ, respectively. Using this approach, the LOD of all alkaloids ranged from 0.7 to 0.8 ng/g and the LOQ from 2.2 to 2.5 ng/g in all grain and seed extracts except for tropine in soybean and linseed (LOD = 1.6 and LOQ = 4.9 ng/g).
The IS quantitation method was used for quantification of tropane alkaloids and GAs. In this study, we chose to use isotope labelled IS (scopolamine-d 3 ) accompanied by matrixmatched calibrators to minimise possible matrix effects. Good linear relationships (r 2 >0.998)
were achieved over the working range of 10-320 ng/ml, which corresponds to a concentration of 2.5-80 ng alkaloids per g of test sample.
Recoveries
The evaluation of recoveries was performed in the blank wheat, rye, maize, soybean and linseed matrices using fortification experiments. Table 4 shows the mean recoveries obtained for each of the tropane alkaloids and GAs at the spiking concentrations of 5, 10, 40 ng/g for wheat and soybean and 5 ng/g for rye, maize and linseed. The recovery was in the range 61-111%, and the CV was 1-5%. In this case, recoveries were independent of the analyte and the matrix indicating that the method could be applied in other matrices after confirming the method applicability at the lowest spiking level of 5 ng/g. Table 4 . 
Robustness/Ruggedness
The robustness/ruggedness of an analytical procedure is a measure of its capacity to remain unaffected by small, but realistic variations in method parameters and provides an indication of its reliability during normal usage (Heyden et al. 2001) . In this study the Youden approach, a fractional factorial design, to determine any critical points was employed (Youden et al. 1975 ). According to this approach, it is necessary to introduce several deliberate variations at once, rather than studying one variation at a time, keeping required time and effort to a minimum. Variations in factors were chosen that might typically be expected to occur in a 
Determination of alkaloids in samples from the market
The proposed method was applied for the analyses of samples obtained from a local supermarket (cereals, feed and food seed products). Results (n=3) showed that feed used for pigs and chicken were the most contaminated with: atropine (mean ± SD, 12.7±0.7 and 6.8±0.2 ng/g, respectively), scopolamine (12.1±1.1 and 2.5±0.2 ng/g, respectively), α-solanine (6.1±0.5 and 3.6±0.7 ng/g, respectively) and α-chaconine (21.7±1.5 and 9.6±0.8 ng/g, respectively). In cattle and rabbit feed, only atropine (6.5±0.6 and 2.8±0.2 ng/g, respectively) and scopolamine (9.8±0.7 and 8.9±0.9 ng/g, respectively) were detected while in feed for horses and wild animals none of the target alkaloids were detected. In food samples (wheat, rye, maize, mixed grain flour, corn flour, biscuits and crackers) alkaloids were not detected. The relative standard deviation figures reflect the heterogenicity of the alkaloids in the samples, rather than the method performance. Figure 6 shows MRM chromatograms of a naturally contaminated pig-feed sample. 
Conclusion
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